In this paper, the performance of multichannel transmission in cognitive radio is studied. Both constraints and interference limitations are considered. The activities of the primary users (PU)s are initially detected by cognitive users (CU)s who perform sensing process over multiple channels. They transmit in a single channel at variable power and rates depending on the channel sensing decisions and the fading environment. The cognitive operation is modeled as a state transition model in which all possible scenarios are studied. The constraint of the cognitive users is investigated through statistical analysis. Analytical form for the effective capacity of the cognitive radio channel is found. Optimal power allocation and optimal channel selection criterion are obtained. Impact of several parameters on the transmission performance, as channel sensing parameters, number of available channels, fading and other, are identified through numerical example.
Introduction
Much interest in cognitive radio systems is raised due to their ability to utilize the available spectrum much more effectively. In addition to efficient spectrum utilization, it is more important in wireless systems to provide reliable communications while preserving a certain level of quality-of-service
In cognitive radio systems, challenges in providing assurances increase due to the fact that cognitive users should operate under constraints on the interference levels that they produce to primary users. For the secondary users, these interference constraints lead to variations in transmit power levels and channel accesses. This discontinuing in accessing the channels due to the activity of primary users make it difficult for the cognitive users to satisfy their own requirement. The authors in [1] proposed a constrained power and rate allocation scheme for spectrum sharing systems in which it was guaranteed a minimumrate to the primary user for a certain percentage of time. The same authors, in [2] , considered variable-rate variable-power modulation employed under delay constraints over spectrum-sharing channels. Various capacity metrics, e.g., ergodic, outage, and minimum-rate capacity for the cognitive channels with interference constraints in Rayleigh fading environments, have been studied in these papers.
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In this paper, the effective capacity of cognitive radio channels is studied where the cognitive radio detects the activity of the primary users in a multichannel case, and it performs data transmission in one of these channels using both rate and power adaptation that depends on the channel conditions and the activity of the primary users. An average interference constraint on the cognitive users is formulated. Maximum throughput formula is obtained through the effective capacity approach. Optimal power allocation is derived and investigated through numerical results.
The rest of the paper is organized as follows. In Section 2, the system model and assumptions are given. Channel capacity and state transition model are formulated and constructed in Section 3. Section 4 discusses outage constraints and interference limit. In Section 5, the effective capacity for the cognitive user is formally defined in terms of constraints and then formulated and optimized. Channel selection criterion is proposed in Section 6. Numerical results are provided in Section 7, and the paper is concluded in Section 8. . In the case of multiple channels are detected as idle, one idle channel is selected according to a certain policy explained later.
The channel fading coefficient between the cognitive transmitter and the receiver with an arbitrary distribution is assumed as m g i . A block-fading channel model is assumed in which the fading coefficients stay constant in the frame, and they may change from one block to another independently in each channel. The active primary user's signal arriving at the cognitive receiver is assumed to have zero mean and a variance m 2 . The background noise at the receivers is modeled as a zero-mean, circularly symmetric, complex Gaussian random variable with variance 2 m n . Perfect Channel State Information (CSI) is assumed at each receiver. It is further assumed that each channel has a bandwidth that is equal to the coherence bandwidth c . With this assumption, it can be supposed that independent flat fading is experienced in each channel.
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Channel Capacity and State Transition Model
In order to further simplify the setting, it is considered a symmetric model in which fading coefficients are identically distributed in different channels. Moreover, the background noise and primary users' signals are also assumed to be identically distributed in different channels and hence their variances 2 n and 2 do not depend on m. So the subscript m can be omitted. The probability of each channel being occupied by the primary users is assumed to be the same and equal to
In channel sensing process, the same energy threshold is assumed in each channel. 
where d , and p f p are the probabilities of detection and false alarm. The probabilities of being in each of the above cases are summarized in Table 1 .
In each of the above cases, we have two states, namely either state in which the instantaneous transmission rate exceeds the instantaneous channel capacity, or state if it does not. Assuming the interference caused by the primary users ON OFF i as additional Gaussian noise, the instantaneous channel capacities for the above four cases can be expressed as follows 2 log 1 ,
where , , , l bb bd db dd refers to the possible case and l i represents the for the corresponding case in the channel which is given by For the cases bb and bd , the cognitive transmitter detects all channels as busy and transmits with rate
While for the cases db and dd , at least one channel is sensed as idle and the transmission rate is
whereas the transmitter assumes the channel as idle, it suming that the PU's activity is independent among the channels and also from one frame to another as mentioned above. The probability of staying in the first state in which all channels are sensed as busy can be easily expressed as 11 1 . Again with this assumption of independence over the frames, the state transition probabilities are independent on the originating state, so the transition probabilities 
where
The transition probabilities for the state are OFF 
where we use the power series relation in [3, 4] .
From the above definitions, it can be seen that the state transition probability matrix is with a rank of 1.
Outage Constraints and Interference Limit
To adapt the transmission powers of the CRs and ensuring not producing any harmful on the primary users, interference power constraints is analyzed in this section.
From the considered system model, it can be included that the interference to the primary users is caused only in the cases bb and db . Where, in the case bb , the channel is actually busy, and the cognitive user, detecting the channel as busy, transmits at power level b . The instantaneous interference power introduced on the primary user is , where The average interference has to be constrained to the value . This can be formulated as Pr being in average interf. in Pr being in average interf . in .
This yields to
The expectations should be taken over the distributions of g and cp g and over the probabilities of different cases. The term m d c p in Equation (9) depends on the number of idle-detected channels, . 
s.t. Equation (9) holds, where m for are the state transition probabilities defined in Section 3. The maximization operator is with respect to the power adaptations and . To identify the optimal power allocation that the cognitive users should employ, the problem in Equation (11) can be converted to a minimization problem using the fact that logarithmic function is a monotonic function (Equation (12)). s.t. Equation (9) holds. This objective function is strictly convex and the constraint function in Equation (11) is linear with respect to b and d . This can be concluded from the fact that strict convexity follows from the strict concavity of b and d in Equations (4) and (5) with respect to b and d , strict convexity of the exponential function, and the fact that the weighted sum of strictly convex functions is strictly convex [8, 9] . Using Lagrangian method, the power allocation can be expressed as 0, otherwise, using this distribution, and by using the power series 
Conclusion
The performance of cognitive transmission under and interference constraints is studied. Cognitive
QoS users are assumed to perform sensing in multiple channels and then select a single channel for transmission with rate and power that depend on both sensing outcomes and fading distribution. A state transition model for this cognitive operation has been constructed. All possible cases and states are considered and analyzed. Interference constraint is statistically analyzed and formulated. Maximum throughput formulas for the cognitive users are obtained. Selection criterion that maximizes the capacity is proposed for arbitrary channel fading then it is applied for tim only under strict interference requirements and it Rayleigh distribution. The op al power allocation is also determined. Sensing multiple bands brings advantages reduces the probability of a primary user to be interfered.
